Abstract-Methods
I. INTRODUCTION
Study on functional diversity in plant communities has become a hotspot in ecology in recent years, because it is important for community structure and development [1] . Functional diversity in communities is a key driver of ecosystem processes, ecosystem resilience to environmental change, and ecosystem services [2, 3] . Functional diversity refers to the change of species functions in communities, and species functions are reflected by functional traits, i.e. functional diversity is a measure of species trait diversity [4] . The differences in types, change amplitude and stability of these functional traits reflect the quantity of functional diversity in community [5] . Quantitative methods for measuring functional diversity based on species traits have attracted much attention, and many studies tried to develop methodology in this area [6, 7] . The fuzzy mathematical method (fuzzy equivalence clustering index, fuzzy index) [8] and the artificial neural network method (self-organizing feature map index, SOFM index) [9] were new methods applied to functional diversity analysis. We aimed to apply these two methods to the study of functional diversity of Acanthopanax senticosus communities in the Dongling Mountains in China and to test their effectiveness.
Acanthopanax senticosus (Rupret Mzxim) Harms is a deciduous shrub species in the genus acanthopanax of Araliaceae family, and mainly distributes in North China and far Eastern Russia, and North Korea, Japan also have some distribution. Acanthopanax root bark, stem bark, leaves, flowers and fruits can be used as medicine, replenishing to invigorate the spleen and kidney, soothing, and its beneficial effect on strong bones comparable with ginseng [10] . In recent years, the industrial exploitation increased the consumption of Acanthopanax senticosus greatly, compounded by human interference and deforestation, and its wild resources declined sharply. It was included in "The directory of protected rare and endangered plants in China" published in 1987. As Chinese traditional medicinal plant, the exploration and utilization of Acanthopanax senticosus has been practiced for thousands of years, but its further research is neglected. Currently studies mainly focus on its medicinal properties, chemical composition and breeding, but the studies on its community ecology, endangering mechanisms, diversity was insufficient. This work also aimed to study the relationships between functional diversity and environmental variables in Acanthopanax senticosus communities.
II. MATERIAL AND METHODS

A Data Collection
The Dongling Mountain is located at 40º 00'-40º 05' N, 115º 26'-115º 40' E, and is an extension of the Xiaowutai Mountains and belongs to the broader Taihang Mountain range in Beijing, China. It has a typical warm temperate continental monsoon climate with average annual precipitation of 500-650 mm. The annual mean temperature is 7°C, the monthly mean temperatures of January and July are -7.8°C and 21.1°C respectively. Several soil types, such as cinnamon soil, mountain cinnamon soil, brown forest soil and mountain meadow soil can be found in this mountain [11] . The elevation varies from 800 m to 2 301 m. Vegetation mainly includes secondary forests, scrublands from 800 to 1600m, and mountain meadows from 1600 to the mountain submit. Acanthopanax senticosus is survival in secondary forests in this area.
International Conference on Applied Mathematics, Simulation and Modelling (AMSM 2016) According to the distribution of Acanthopanax senticosus and to the variation of elevation, aspect and slope, 30 typical quadrats of Acanthopanax senticosus communities were set up in Dongling Mountains. The quadrat size was 10 m × 10 m. Species name, cover, height, basal area and individual abundance for tree species and name, cover and height for shrubs and herbs were measured and recorded in each quadrat [12] . The plant height was measured by using a height-meter for trees and a steel-tape ruler for shrubs and herbs. The basal diameter of trees was measured by using a caliper and was used to calculate the basal area. A total of 125 plant species were recorded in 30 quadrats. Elevation, slope, aspect, and litter thickness for each quadrat were also recorded. The elevation was measured by using a GPS, the slope and aspect were measured by using a compass meter and the litter thickness was measured by using a ruler directly [12] . The elevation, slope and litter thickness were reading values, while the aspect measurements were classified from 1 to 8 in the following way: 1 (337.6°-22. Eleven functional traits were selected to illustrate plant species function in community (Table 1) . Photosynthesis pathway, seed dispersal, pollination manner and nitrogen-fixing were identified from local flora and life-form, leaf form, plant height, plant cover, flowering date, flowering period and life cycle were observed and measured in field. To calculate functional diversity, a data matrix of functional traits × species in a quadrat was constructed, and totally there were 30 data matrices for 30 quadrats.
B Data Analysis 1) Fuzzy index
Fuzzy equivalence clustering index (fuzzy index) is a dendrogram index which clusters species into a dendrogram based on fuzzy equivalence relations calculated from a matrix of functional traits, and then used the sum of branch lengths of the dendrogram as a multivariate measure of functional diversity [8] . Firstly, we calculated fuzzy relationship matrix (R= [rjk] ) between species [12, 13] . We use the follow formula:
where rjk is the fuzzy similarity between species j and k; xij and xik are values of trait i for species j and k respectively.
Secondly, Transforming fuzzy relationship matrix R into fuzzy equivalence relation matrix (R*) . Thirdly, Clustering species based on fuzzy equivalence relations R*. The result provides a hierarchical system and a corresponding dendrogram [9] . Fourthly, Adding the lengths of dendrogram branches to get fuzzy functional diversity index.
2) SOFM index
SOFM neural network consists of two layers, input layer and output layer. The input layer contains a unit (neuron) for each variable (species functional trait) in the data set. The input units operate in a similar way to those in other neural networks, effectively presenting the data for each species to the network in an appropriate format. The input units are connected directly to units in the output layer. The output layer is also a two-dimensional array of units and each of these units is connected to every unit in the input layer by a weighted connection [14] .
Through initializing, we gave initial values of Wij within [0，1] randomly (i = 1, 2, …, N; j = 1, 2, …, M), initial values of learning rate η(0) and neighborhood Ng(0), and determined total learning times T. The parameterization of the SOFM used was that the learning rate was 0.1 for the ordinating phase and 0.02 for adjusting phase; the learning phase was broken down into 5000 steps for the ordinating phase and 50 000 steps for the tuning phase. When the learning process is finished, a topological map of small squares is obtained and species units can be mapped into the corresponding squares. This map reflects the distribution of species in functional trait space. And then calculating functional distances between species and SOFM functional diversity [12] ,
(j = k = 1, 2,…, S = species number in a quadrat)
Where djk is functional distance between species j and k in topological space, xj and xk are scores of species j and k on x axis, and yj and yk are scores of species j and k on y axis.
3) Compared Methods
To test the effects of fuzzy index and SOFM index, three common methods were applied and their results were compared.
4) Functional attribute diversity（FAD）
FAD aimed at estimating the dispersion of species in trait space as the sum of the pairwise species distances [15] :
Where dij is functional distance between species i and j in functional trait space; D = {dij} is Euclidean distance matrix and calculated based on the matrix of functional traits (N) by species (S). 
5) Plot-based functional diversity
This functional diversity index is based on functional dendrogram and is the total branch length of the functional dendrogram that can be constructed from information about species functional traits (Petchey and Gaston 2006). Plot-based Functional diversity (FDp) is plot based index which recalculate the dendrogram for each quadrat, but in doing so the desirable property of 'set monotonicity' does not hold.
6) Community-based functional diversity
This index is also the total branch length of the functional dendrogram, but community-based functional diversity (FDc) corrected the lack of monotonicity that arises when there is a particular dendrogram for each quadrat.
7) Species diversity
Three species diversity indices, one for species richness (species number S), one for species heterogeneity (Shannon-Wiener index H'), and one for species evenness (Pielou index E), were used to calculate species diversity values [12, 16] . 
III. RESULTS
The fuzzy index and SOFM index were calculated by using the fuzzy mathematical toolbox and the neural network toolbox in MATLAB respectively. Other functional diversity indices, namely FAD, FDp, FDc, were calculated with the FDiversity software (Casanoves et al., 2011) . Functional diversity indices varied greatly in Acanthopanax senticosus communities in the Dongling Mountains ( Table 2 ). The fuzzy index varied from 1.59 to 3.50, SOFM from 67.8 to 202.2, FAD from 33.09 to 220.28, FDp from 4.3 to 9.13, and FDc from 4.34 to 9.15. These indices showed that functional diversity was comparatively rich in Acanthopanax senticosus communities compared to that in other forests in this area [1, 13] . The variability of functional diversity was dependent on the variation of environmental variables [12, 17] . Fuzzy index and SOFM index were significantly correlated with elevation and slope (Fig. 1) , but their correlations with aspect and litter thickness were not significant. Other indices showed similar correlations with these variables. Functional diversity showed a non-linear correlation with elevation and slope. Elevation and slope were the most important factors affecting functional diversity in Acanthopanax senticosus communities. All the indices showed the same pattern with environmental variables which showed that fuzzy index and SOFM index were successful in describing functional diversity and their relations with environmental variables [11, 13] .
As new methods, fuzzy index and SOFM index could complete functional diversity analysis and provide reasonable results, i.e. describing the functional diversity and its change in Acanthopanax senticosus communities. Furthermore, fuzzy index and SOFM index were significantly and positively correlated with other three common methods (Fig. 2) . This suggested that fuzzy index and SOFM index are effective techniques in studies of functional diversity in plant communities [18] . Fuzzy index and SOFM index were significantly and positively correlated with each other (Fig. 3) . All the relationships between functional diversity indices were non-linear. Functional diversity measured by fuzzy index and SOFM index was significantly related to species richness, diversity and evenness (Fig. 4) . Their relations with species richness and diversity were positive, but that with evenness were negative. This was also similar to other common indices [11] .
IV. DISCUSSION
Fuzzy index and SOFM index were successful in describing the quantity and change of functional diversities of Acanthopanax senticosus communities in the Dongling Mountains which suggested that they can perfectly complete the evaluation of functional diversity and are fully usable in plant ecology [8, 12] . Fuzzy index is based on fuzzy mathematical theory and SOFM index is based on neural network theory, they are proved useful and have some advantages in plenty of applications including in plant ecology [19] . Theoretically, they should be good methods in evaluation of functional diversity in plant communities [8, 20] . Fuzzy mathematics and neural networks have advantages in solving non-linear problem and in studying complicated and fuzzy systems [21, 22] . Vegetation ecosystem is a complexity system with various non-linear and fuzzy relations of species, communities and environmental factors [10, 15] . Significant and positive correlations of fuzzy index and SOFM index with the three common methods, FAD, FDc and FDp indices, also proved that these two new indices are effective in quantifying functional diversity in plant communities [16, 23] . The relationships of fuzzy index and SOFM index with other three common indices were all non-linear which showed that they were similar but their effectiveness was different [24, 25] . Functional diversity measured by fuzzy index and SOFM index was closely related to slope and elevation, which was consistent with the conclusion that slope and elevation were the key environmental variables affecting community structure, diversity and distribution of Acanthopanax senticosus communities in this mountain reserve [27] . The variations of slope and elevation may lead to the changes of water and heat conditions, soil structure, soil type etc. which affect plant and community growth and development [15, 23] . The effects of aspect and litter thickness on functional diversity were not significant because Acanthopanax senticosus lived in forest under canopy where litters and aspect were consistent [11, 28] .
Functional diversity measured by fuzzy index and SOFM index was significantly correlated with species richness, diversity and evenness in Acanthopanax senticosus communities in the Dongling Mountains. This suggested that functional diversity and species richness were interrelated with each other [25, 28] . Each species should have some special functional traits, therefore the greater the number of species in a community is, the greater the change of functional traits and the greater the functional diversity are [6] . The non-linear relationships between functional diversity and species richness proved that functional diversity and species diversity can not be replaced with each other (Zhang et al. 2012b; . Species diversity can mainly explain the variation of species abundance and distribution, but functional diversity can explain variations of species morphology, physiology, reproduction, ecology and phenology [11, 18, 29] . Fuzzy index and SOFM index provided fully ecological meaningful results which further proved that they were effective in functional diversity analysis in plant communities [23] .
